Background: Survival in cystic fibrosis (CF) has progressively improved and the female-gender disadvantage first described many years ago remains controversial. Objectives: To describe the mortality trend due to CF in Italy over the last decades; to verify the female-mortality disadvantage; to compare the comorbidities reported in death certificates of CF patients with those of the general population. Methods: Mortality data were extracted from the database of underlying cause of death and multiple causes of death (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011) of the Italian National Institute of Statistics. Age-standardized mortality ratio (SMR) was calculated to compare the mortality between genders. The association between CF and other contributing causes of death was verified by calculating the age-and gender-adjusted proportional mortality ratio (PMR). Results: During the study period, 1947 death certificates reported CF as the underlying cause of death. Mortality rate due to CF decreased in newborns and children and by the end of the 1990s also in adolescents and young adults. Adult mortality started to increase in the early 1990s. Over the whole period an excess in mortality was observed in young CF females (1-29 years). The multiple causes of death database included 531 certificates with CF listed as cause of death. Pneumonia, chronic lower respiratory diseases, pulmonary heart disease and diseases of pulmonary circulation, aspergillosis, sepsis, renal failure, diabetes, malnutrition and amyloidosis were more frequently reported in CF death certificates compared to those of the general population (PMR N 1). Conclusions: This mortality trend provides evidence of a consistent improvement in survival, although the excess female-mortality persists despite aggressive treatment of CF lung disease. Several extra-pulmonary conditions associated with CF contributed to the morbidity leading to death.
. Background
Cystic fibrosis (CF) is a recessive disorder caused by mutations of the CF transmembrane conductance regulator (CFTR) gene, which functions as an ATP responsive chloride channel at the apical membrane of epithelial cells. The prevalence in Europe is 0.737 per 10,000 and the incidence rate in Italy is estimated at 1/3000 live births [1] .
Typical symptoms vary according to the severity of CFTR mutations and include salty sweat, persistent cough and excessive sputum, frequent lung infections, bacterial sinusitis, nasal polyps, poor growth and nutritional status due to pancreatic insufficiency and fat malabsorption. The clinical picture of the disease is even more complex when CF-related complications occur, such as diabetes and liver disease.
Although a cure for CF has yet to be developed, patients can benefit from a variety of treatments to improve their symptoms. Since the cloning of the gene in 1989, many advances have been made in diagnosis and treatment of CF. Early diagnosis, Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; CI, confidence interval; ICD, International Classification of the Diseases; PMR, proportionate mortality ratio; SMR, age-standardized mortality ratio. ⁎ Corresponding author at: Department of Paediatrics, Cystic Fibrosis Center, specialized CF center care, segregation strategy to avoid cross infections and new drugs have all contributed to the considerable improvement in survival that has occurred over the last decades and may have impacted the mortality trend [2, 3] .
Although evidence for a CF female disadvantage in mortality/survival has been repeatedly described for almost 40 years, [4] [5] [6] [7] a few studies have recently suggested a reversal of this effect [8] [9] [10] [11] . However this issue remains an area of controversy.
These considerations suggest the need to periodically review mortality from CF to verify whether the improvement in survival continues.
The purpose of this research was to carry out a study on mortality due to CF in Italy based on the analysis of death certificates. Specific aims of the study were to describe mortality trend due to CF from 1970 to 2011, to verify the female disadvantage in mortality reported by many studies, [4] [5] [6] [7] and to compare the comorbidities reported in death certificates of CF subjects with those of the general population.
. Methods
We consulted the databases on underlying causes of death and on multiple causes of death at the Italian National Institute of Statistics (ISTAT), that include national data on mortality, with demographic characteristics and causes of all the deaths that occurred in Italy. Data on underlying causes of death from 1970 to 2011 were consulted, whereas those on multiple causes of death were available from 2003 to 2011. CF deaths were extracted from the databases by selecting the corresponding codes of the International Classification of the Diseases (ICD) (revisions 8th, 9th and 10th): ICD-8 (273.0) for the period 1970-1979, ICD-9 (277.0) for 1980-2002 and ICD-10 (E84.0, E84.1, E84.8, E84.9) for the following years. At the time the study was carried out, data on 2004 and 2005 were not yet coded and a string search including the terms "fibrosi & cistica", "mucoviscidosi" and "ileo & meconio" was performed to select and code the CF deaths that occurred during this two-year period.
Census data and intercensual estimates of the Italian population were used to calculate age-specific mortality rates (ISTAT -http://demo.istat.it -access date: March 17, 2014). To account for the fluctuation of mortality rates caused by the small number of CF deaths per year in Italy, a 6-year time frame was selected to pool the data in the analysis.
To verify the existence of an excess female-mortality in CF, the age-standardized female-to-male mortality ratio (SMR) was calculated as the ratio of observed female deaths and the expected deaths; the expected deaths were based on the age-specific death rates due to CF of the male Italian population, obtained by the analysis of death certificates. Excess female-mortality is indicated by a SMR N 1.
The analysis of multiple causes of death was carried out on a subset of diseases selected according to their prevalence in the CF death certificates as well as to their clinical relevance.
Only deaths due to natural causes were included in the analysis of multiple causes of death; deaths due to external causes were excluded with the exception of surgical and other medical procedures (Y83-Y84) and sequelae, with surgical and medical care as external causes (Y88). In addition, deaths that occurred beyond the age of 65 years were excluded, in order to account for the younger age at death distribution of CF patients compared to that of the general population and to avoid potential misclassification of CF deaths at older ages.
In order to verify the association between CF and other comorbid conditions, we determined whether the distribution of a given condition differed from that of the general population by calculating the proportionate mortality ratio (PMR).
For each comorbid condition or group of conditions reported in death certificates in combination with CF, the PMR was calculated as the ratio of observed deaths to expected deaths; the expected deaths were based on the proportion of deaths due to that condition among individuals without CF who died in the same calendar period. The indirect standardization was used to adjust the PMR for gender and age. An excess of a given condition among deceased persons with CF is indicated by a PMR N 1, whereas a paucity is indicated by a PMR b 1 [12] . Confidence Intervals at 95% were calculated according to the Byar's method [13] . Statistical analysis was performed using SAS 9.1.3 version (SAS Institute, Inc, Cary NC).
. Results

. Analysis of CF as underlying cause of death
During the study period (1970-2011), 1947 death certificates reported CF as the underlying cause of death ( Table 1) . The mean number of deaths per year was 46 (95%CI: 43-49).
Mortality rate due to CF remarkably decreased in newborns and children; while in adolescents and young adults the rate increased until the end of the 1990s and then substantially decreased. In all the remaining age categories (≥20 years), mortality rates started to increase progressively at the beginning of the 1990s (Fig. 1) .
Considering the whole period, we observed a remarkable excess in mortality among young CF females (1-29 years), particularly in the age category 1-9 years (Table 2 ). In contrast, mortality rates among females younger than 1 year and older than 30 years were lower compared to males.
The analysis by observation periods, although limited by the small number of deaths per year, revealed that the gender-difference in mortality was not consistent across the observation periods and was highly affected by the age group considered (online supplementary material Table S1 ).
Median age at death progressively increased over time and was similar between genders, except for the period 1970-1975 (Females: 0.8 vs. Males: 0.4 years, P = 0.044) and 2006-2011 (Females: 27 years vs. Males: 32 years, P = 0.021) ( Table 3) .
. Analysis of multiple causes of death
The multiple causes of death database contains certificates of deaths with CF listed among multiple causes of death, even if CF was not selected as the underlying cause of death. This database includes 531 death certificates (258 males and 273 females) that occurred in Italy between 2003 and 2011.
The age-related excess in female-mortality obtained by the analysis of the underlying cause of death database was comparable to that obtained by the analysis of the multiple cause of death database, with the exception of the lack of significant difference in mortality between genders in the age group 1-9 years ( Table 2 ).
The analysis of comorbid conditions considered 480 death certificates with mention of CF (50 were excluded because age at death was ≥ 65 years and in 1 death certificate the underlying cause of death was a transport accident) (see online supplementary Figure S1 for details about the sample included in the analysis). Among them, 420 (87.5%) reported CF as underlying cause of death. In 60 death certificates CF was not selected as underlying cause of death; the most frequently selected causes were malignant neoplasm (C00-C97) (11 certificates), diseases of the circulatory system (I00-I99) (8 certificates), diabetes (E10-E14) (7 certificates), congenital malformations, deformations and chromosomal abnormalities (Q00-Q99) (6 certificates) and certain conditions originating in the perinatal period (P00-P96) (6 certificates).
Pneumonia was the most prevalent comorbid condition, occurring in 95 (19.8%) death certificates in combination with CF, followed by sepsis 81 (16.9%), diabetes mellitus in 79 (16.5%), renal failure in 62 (12.9%), chronic lower respiratory diseases in 42 (8.8%), liver diseases in 27 (5.6%), pulmonary heart disease and diseases of pulmonary circulation in 20 (4.2%) and malignant neoplasms in 17 (3.5%). Surgery for whole organ transplantation was reported in 29 (6%) of death certificates and failure and rejection of other transplanted organs and tissues in 11 (2.3%).
As expected, diseases of the respiratory system were more frequently reported in certificates of CF subjects compared to the non-CF population (Table 4) .
Beyond the diseases of the respiratory system, other comorbid conditions were more frequently reported as cause of death in people who died because of CF: sepsis, diabetes mellitus, malnutrition, amyloidosis, renal failure, urolithiasis, pulmonary heart disease and diseases of pulmonary circulation, surgical operation with whole organ transplantation and failure and rejection of other transplanted organs and tissues.
When we analyzed the distribution of comorbidities by gender among the CF deaths, the number of deaths per co-morbidity became too small for meaningful statistical comparison, with the exception of a higher prevalence of liver diseases among males aged 20-29 years (online supplementary  Table S2 ).
. Discussion
This is the first analysis of mortality due to CF in Italy showing its age-related trend over a period spanning four decades.
CF mortality during the first year of life consistently decreased during the period of observation; in the age category 1-9 years, the decrease in mortality started later, at the beginning of the 1980s in males and dramatically fell by the end of 1990s; in the age category 10-19 years, CF mortality increased until the end of the 1990s and decreased thereafter, whereas in adulthood it started to increase at the beginning of the 1990s, and this trend is still occurring. Accordingly, age at death increased remarkably over the period: in the 1970s 50% of deaths occurred within the first 6 months of life, while in the last 6 years of observation (2006-2011) median age at death was 29 years. Decrement in mortality was particularly striking in the first decade of life: in the 1970s, more than 60% of deaths occurred within this age range, as compared to 4% in the period 2006-2011.
Of note is the remarkable reduction in the mortality rate of newborns and children younger than one year, that may be attributed not only to improvement in the surgical management of meconium ileus, but also to early diagnosis by newborn screening and better care of infants with CF. CF screening programs were introduced in Italy starting between 1970 and 1980 in a few regions and were then progressively implemented all over the country (regional laws L. 104/1992) [8] .
It should be remembered that during the 1980s major advances in CF care took place and the slight increases in mortality thereafter are likely to be the result of improved survival in the younger age groups resulting in many of the patients who would have died at younger age at the end of the 1980s surviving longer and dying at older ages. This phenomenon has been also reported by Kulich et al. in a retrospective study on 31,012 CF patients, [5] using the Cystic Fibrosis Foundation Registry data. They observed that the risk of death in patients with CF declined between 1985 and 1999 and that the remarkable improvement in survival was limited to patients 2-15 years old.
Over the period covered by our study, substantial advances have been made in all three main pillars of CF therapy: nutritional repletion, relief of airway obstruction and treatment of airway infections [14] . Improved nutritional management started in the 1980s with the introduction of hypercaloric, and fat rich diet; [15] at the same time, the use of new acid resistant pancreatic enzyme preparations resulted in more effective correction of pancreatic insufficiency and fat malabsorption [16] . During the 1990s several new therapies for CF lung disease became available, including special formulation of anti-Pseudomonas antibiotics for inhalation (TOBI) and Human DNAse specifically to improve sputum clearance in CF patients [17, 18] . In the early 2000s hypertonic saline was added to the conventional techniques used to clear CF airways from thick and sticky secretions. A few years after azithromycin was recommended in patient with chronic Pseudomonas aeruginosa infection [19] .
All these therapeutic options have been shown to improve pulmonary function and to reduce exacerbation rate, the main predictors of survival in CF patients [20, 21] . Finally, a major therapeutic advance for CF patients with respiratory failure was the introduction of lung transplantation that in Italy occurred at the beginning of the 1990s.
It should be also mentioned that the mortality trend observed in this study may be at least in part ascribed to increased recognition of mild form of CF, or to the availability of prenatal diagnosis, family testing and population-based carrier screening, which might have caused a reduction of the CF birth incidence at least in a few regions [22] .
Our data confirm the female survival disadvantage in children and young adults with CF and are consistent with previous studies which reported higher mortality for CF females than for males only up to the age of 20 years [5, 6] .
The gender gap in survival is still an open debate [23] . In Italy, a female disadvantage in survival was not observed among 2293 CF children and adolescents born after 1988 and followed-up until 2004 [24] . However the small number of deaths (N = 74) might have masked the difference in survival.
The reason for the gender gap in CF is not clear, however some hypotheses have been formulated. Delayed diagnosis, underweight, and early Pseudomonas aeruginosa infection have been reported as factors that may contribute to worse survival in females [7, 25, 26] . More recently the prominent role of 17β-estradiol in lung pathophysiology has been outlined, including possible negative effects on ion transport, infection, inflammation and epithelial repair [23] .
A greater male mortality in CF subjects younger than 1 year has been noted previously and may reflect the higher male infant mortality in the general population [6] . Table 2 Observed and expected female deaths and female-to-male mortality ratio due to cystic fibrosis by age group based on data of the underlying and multiple causes of death database. a In subjects aged 1 year and over the mortality ratio was age-standardized (SMR). SMR was calculated as the ratio of observed female deaths and the expected deaths; the expected deaths were based on the age-specific death rates due to CF of the Italian male population. This study also provides information on multiple causes of death that were previously reported by Halliburton et al. in a study on mortality from CF in the US in the period 1979-1991 [27] . At that time pneumonia (18%), right heart failure (15%) and liver diseases (11%) were the most frequently comorbid conditions reported in CF certificates. Our co-morbidity analysis included deaths that occurred two decades later (2003-2011) and showed a different pattern of CF-associated causes of deaths. Similarly to the study of Halliburton et al. pneumonia was reported in about 20% of death certificates. However, right heart failure and liver disease were less frequently reported in our study (4% and about 6%, respectively). The lower proportion of liver disease among our death certificates may be at least in part explained by the beneficial effect of early ursodeoxycholic acid treatment for CF-related liver disease, which was introduced in clinical practice in the early 1990s [28] .
Interestingly, diabetes, renal failure, and amyloidosis were reported in a considerable proportion of Italian death certificates (17%, 13%, and 1.3%, respectively), whereas these comorbidities were not analyzed in the study by Halliburton et al. Although no specific renal phenotype has been directly related to CF, an increased risk for developing renal disease related to cumulative drug toxicity or to complications of chronic infections (amyloidosis) has been reported in CF patients and this is confirmed by our data [29] .
Although some cases of ischemic heart diseases and malignant neoplasms were observed, they were less frequent in CF death certificates. This is in contrast with the recently reported increased risk of digestive tract cancer, lymphoid leukemia and testicular cancer, particularly following transplantation, in CF patients in the US [30] . However we cannot exclude that the certifying physician omitted reporting CF as cause of death in people who died with malignant neoplasms.
Overall, our data on multiple causes of death are consistent with the change in clinical history of CF as a result of the increasing life expectancy. In the past CF patients died for The expected deaths were calculated by the proportion of deaths due to the comorbid condition among the general population. The proportion of death for each comorbid condition in the general population was obtained from 346,115 deaths (age at death b 65 years) that occurred between 2007 and 2011 with no mention of cystic fibrosis in the death certificate. This proportion was assumed to be constant during the whole period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . The indirect standardization was used to adjust the PMR for gender and age.
c This ICD code excludes bone-marrow, kidney, heart, heart-lung and liver and includes bone, intestine, lung, pancreas and skin.
pulmonary infection and gastrointestinal complications in the pediatric age, nowadays they have a higher probability to reach adulthood when a variety of extra-pulmonary complications become more frequent. However, it should be noted that despite relevant improvement in nutritional therapy, malnutrition is still a significant cause of death for CF patients, and was 7-fold more reported in subjects deceased from CF compared to non-CF deaths. This suggests that a rigorous attention to nutritional status cannot be overemphasized and should be part of the standard of care at any age in CF. Among the strengths of our study is the long period of observation (42 years) available to characterize CF mortality trend, that includes the first decade of the new century. We employed Italian death certificates and this ensured a complete ascertainment of CF deaths, although with some potential for misclassification.
We clearly demonstrated an excess female-mortality over the whole observation period including the last decade, that was not consistent across the time frame covered by the study. However, these results are limited by the small number of deaths resulting from stratification in 6-year time frame.
Limitations of death certificate data should be considered before attempting to interpret associations between conditions. Actually a death certificate of a CF subject may not contain CF as the cause of death because CF may have not contributed to the morbidity process leading to death. In addition, an association between a condition and CF in death certificates does not necessarily indicate a higher prevalence of that condition in CF than in the general population, but rather that the condition is more likely to act as cause of death when CF is also a cause of death than when it is not. However, while caution should be used when interpreting death certification data, they are still of considerable value and provide easily available population-based information on the morbidity process leading to death.
In conclusion between 1970 and 2011 in Italy mortality due to CF in newborns and children dramatically decreased, adolescent mortality increased until the end of the 1990s and decreased thereafter, whereas adult mortality started to rise by the 1990s. The mortality trend documented in our study provides evidence of a consistent improvement in survival in the last decades and reflects the effect of the significant advances in treatment of CF over the period. Our results support persistence of excess female-mortality in the modern era of aggressive treatment of CF lung disease. The co-morbidity analysis showed a different pattern of CF-associated causes of death compared to studies previously carried out. Although pulmonary conditions and malnutrition are still more frequently reported, other comorbidities not involving the respiratory tract, including diabetes, sepsis, renal failure, and amyloidosis are associated with CF and have contributed to the morbidity process leading to death over the last decade.
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